Nanomanufacturing involves scaled-up, reliable, and cost-effective manufacturing of nanoscale materials, structures, devices, and systems. Nanomanufacturing methods can be classified into topdown and bottom-up approaches, including additive, subtractive, and replication/mass conservation processes. These include a cluster of various techniques such as nanomachining, nanofabrication, and nanometrology to produce nanotechnology components and conduct evaluation. This paper mainly focuses on the manufacturing methods for complex shapes or structures, such as textures on curves and hierarchical structures, and outlines the research perspectives and the current application status of nanomanufacturing fundamentals and key technologies.
Introduction
Nanotechnology covers two aspects: (1) structures and materials at the nanoscale; (2) investigation and application of unique phenomena at the nanoscale to produce features for new or enhanced functionality [37] . Nanoscale typically refers to lengths between 1 nm and 100 nm [128] . Three events have significantly influenced the concept, observation techniques, and practical operations of nanotechnology. In 1959, Richard Feynman made a speech entitled "At the bottom there is a great space," which started the historical course of nanotechnology [63] . In 1981, scientists invented an important tool for nanotechnology-the scanning tunneling microscope-that enabled imaging at the atomic-molecular level for the first time [197] . In 1990, the IBM Almaden Research Center successfully conducted the first single atomic operation [1] .
Nanomanufacturing involves scaled-up, reliable, and costeffective manufacturing of nanoscale materials, structures, devices, and systems [156] . It is an essential bridge between nanoscience discoveries and real-world nanotechnology products. Thus, nanomanufacturing is the basis of nanotechnology and includes value-adding processes to control material structures, components, devices, and systems at the nanoscale (1 nm-100 nm) in one, two, and three dimensions for reproducible, commercial-scale production.
Nanomanufacturing includes manufacturing to nanometric accuracy and nanometric scale in general. It includes nanomachining/nanofabrication and nanometrology which stands for the manufacturing process and evaluation, respectively. Components fabricated by nanomanufacturing can be classified into two categories as follows:
Parts with nano-and microstructures with feature sizes at the nanometric scale. The parts are microscopic or macroscopic. Parts with geometrical accuracy at the nanometric level. The devices are on the macroscopic scale. Fig. 1(a) illustrates nano-and microstructures with broadband light-trapping capability employed in a photovoltaic device to increase the efficiency of solar cells through various antireflection (AR) schemes [203] . With the nanocones, efficiency progressively increases from 8.5% to 13.2% with increasing incident angle. Fig. 1  (b) shows nanostructures fabricated on flexible negative index metamaterials for applications in the visible and telecom bands [65] . Another example is the James Webb Space Telescope, which contains a 6.5 m diameter hexagonal mirror comprising 18 mirror segments and requires roughness on the nanometric or subnanometric scale and a form accuracy of 20 nm to achieve the broad-spectrum detection ability in deep space [170] .
A literature survey on nanomanufacturing from 2005 to date shows that nanomanufacturing research is dramatically increasing and most efforts concern engineering, material science, physics, and optics. The survey results indicate the challenges of nanomanufacturing focusing on the nanoscale, nanoaccuracy, complex shape/structures, and novel materials. This paper mainly focuses on the nanomanufacturing methods for complex shapes or structures, such as textures on curves and hierarchical structures, as shown in Fig. 2 . The related CIRP keynote papers on other technologies, such as laser machining, finishing technology, and mold manufacturing, have been reported in the reference list [5, 61, 89, 91, 201] .
There are two important aspects of fundamental research and technology development for nanomanufacturing applications, as shown in Fig. 3 . Fundamental research provides the basic techniques for the mechanism study, while technological development involves fabricating components to guarantee successful applications. Based on material properties, nanomanufacturing can be performed by additive (including deposition and dip-pen nanolithography), subtractive (including nanomechanical machining and FIB milling), and mass conservation (including nanoimprinting) processes. This paper presents nanomanufacturing research perspectives and the current application status of nanomanufacturing fundamentals and technologies.
Nanomanufacturing fundamentals
This section outlines fundamental topics in nanomanufacturing, including manufacturing models, numerical simulation methods, and experimental techniques. In fact, most research integrates these three aspects. In general, a novel method should be proposed at first for a particular demand. After building models, numerical simulations are performed to gain preliminary knowledge of feasibility. Based on the employed algorithm, details of the manufacturing processes can be investigated at different space and time scales. However, simplifications and numerical errors make the simulation inaccurate. Consequently, experimental tests are essential to verify the simulation results. The results of fundamental studies are the foundation of engineering and are significant in technology development.
Mechanisms of nanomanufacturing
Thin film or coating processes such as physical vapor deposition (PVD) and chemical vapor deposition (CVD) are the main additive processes employed at the nanometric scale. In PVD, the deposition atoms escape from the target with sufficient energy above the critical barrier. This can be achieved through thermal evaporation or physical sputtering by plasma [124] . These atoms condense on the substrate and atomic bonds are formed. In some cases, an ion beam is bombarded on the film to modify and control the deposition. In typical PVD, the film thickness is 1-1000 nm and the deposition speed can be controlled at 1-10 nm/s [150] . In CVD, chemical reactions occur in the vapor, which is the essential difference from PVD. Therefore, favorable thermodynamics should be ensured for the desired reactions. For instance, most CVD processes are performed at high temperatures, which may restrict the choice of the substrate. In practice, CVD is more suitable than PVD for coatings with more complex shapes, such as deep holes [173] .
Nevertheless, both PVD and CVD are additive processes at the atomic level and general factors influence the deposition. These factors can be grouped from angstrom to macroscopic scales. At the bottom level, chemical bonds are formed and broken as the atoms condense or move on the surface of the substrate. Thus, the bonding energy and atomic arrangement determine the intrinsic strength of the coating. From nano to micro levels, the surface microscopic topography (e.g., roughness and microflaws) influences the process. In addition, as the film thickness increases, the occurrence of material defects such as dislocation may also affect the function of the coating. Finally, at the macro level, the stress state, temperature, and pressure dominate the thermodynamic conditions during the deposition. These fundamental factors at different scales are in turn influenced by the process parameters. For example, in Ni-Al mixture deposition on Ni, the surface roughness increases with incident energy and the amorphous film becomes ordered and compact after annealing [218] .
In contrast, in subtractive processes, the breaking of atomic bonds is a crucial event during the process. It can be assumed that the number of bond broken per unit time characterizes the local size scale and achievable accuracy of one manufacturing method. For instance, in conventional machining such as turning and milling at the macroscale, a chip is formed and accompanied with numerous bond breaks across the shear plane. Nanomachining must be used for material removal at the nanometric level. Focused ion beam (FIB) is a nanofabrication method for complex threedimensional structures. In FIB, collisions cascade as an energetic Fig. 1 . Nanomanufacturing examples [65, 203] . particle interacts with the lattice matrix. Inelastic interaction occurs between the electrons of the incident and target atoms under high-energy ion implantation. As the incident atoms slow down, elastic collision between the nuclei displaces the target atoms from equilibrium, which may trigger another collision. Some recoiling atoms escaping from the target surface are considered atomic level removal. The sputtering yield, which depends on the ion mass, incidence angle, and energy, is the critical parameter reflecting the material removal rate (MRR). For a high MRR, typical FIB systems utilize heavy ions (Ga) and keV energy [206] .
Another major class of subtractive processes comprises numerous mechanical approaches such as cutting, milling, grinding, and polishing at the nanoscale. Many of these processes have been adapted from their conventional forms. However, owing to the size effect, significant distinctions arise between macro-and nanomachining. Among these methods, nanocutting is a fundamental process and is applied in both nanomanufacturing and material testing.
Nanocutting refers to the mechanical process in which the undeformed chip thickness is at the nanometric level. A simple nanocutting approach is to develop sharp tools with a nanometric tool edge and accurately control the cutting depth, which could be realized by FIB milling and ultraprecision motion control, respectively [55] . However, nanocutting also occurs in singlepoint diamond turning (SPDT), where a commercial tool with a cutting edge of 30-100 nm and a nose radius at the millimeter scale is used. In this case, although the nominal depth of the cut may be several microns, an undeformed chip thickness at the nanoscale could be achieved by accurate control of the tool feed. In fact, the SPDT process has a multi-scale nature when a tool with a curved nose is used. From the bottom of the tool, the undeformed chip thickness increases monotonically along the tool nose, indicating the conversion of machining from the nano to macro level. For brittle materials, cracks would occur in the "macroregion" and propagate in the material. As long as the crack depth is lesser than the nominal cutting depth, a smooth surface with nanometric roughness is obtained. Blackley and Scattergood proposed a turning model based on this concept [18] . Furthermore, subsurface damages may exist under the glossy surface. These subsurface damages are dominated by the material behavior in the "nanoregion," which is just below the machined surface. To obtain favorable surface integrity, material deformation as well as tool wear at the nanoscale should be studied and some relevant findings are presented here.
In nanocutting, the tool edge radius should be considered owing to the small undeformed chip thickness [57] . This makes the boundary conditions completely different from conventional cutting, which uses a sharp tool. The round edge makes the effective rake angle highly negative, which results in a compressive stress state in the workpiece. Compression affects the cutting process in two ways. First, it could change the original lattice structure in the cutting region. For example, much research has been conducted on the phase transition path of monocrystalline silicon under different loading conditions [29, 108, 235, 236] . As the hydrostatic pressure reaches 10-13 GPa, the diamond lattice (Si-I phase) would transform to the metallic beta-phase (Si-II phase). With the occurrence of shear stress, the hydrostatic pressure may decrease to 8 GPa. It has been claimed that metallic phase transition would exist in the compressive region in the vicinity of the tool edge [126, 227] . While some research found that the lattice would transform from the crystalline to amorphous state [101] . Nevertheless, the phase transition enhances the plastic deformation. Second, the formation of material defects such as microcracks would be hindered under a compressive stress state [142] . Thus, compression introduced by the tool edge is critical for the ductile mode machining of brittle materials. Plastic flow would occur in the phase transition region and the phase transition region would be extruded to form the chip as the tool advances [51, 57, 58] . Shear stress arises owing to the plastic flow, but it is not the driving force of chip formation as in the shear model states in conventional cutting [165, 185] . Furthermore, not all materials in the range of the undeformed chip thickness would be removed. There is a critical value called "stagnation point," which is a function of the thickness and the tool edge [57] . When the ratio of the undeformed chip thickness at the edge radius is below the stagnation point, there would be no chip formation. This means that only the material above that point would be removed, as shown in Fig. 4 . In addition, a linear relationship was found between the undeformed chip thickness and edge radius [127] .
One of the most promising topics in machining is nanocutting of brittle materials. It has been believed that the cutting would change from ductile mode (plastic deformation) to brittle mode (gross crack propagation) when the undeformed chip thickness exceeds a critical value. From the mechanical perspective, the cutting mode depends on whether the resolved shearing or tensile stress exceeds its critical value in certain directions [186] . Moreover, the ductile-brittle transition (DBT) phenomenon can be treated as the intersection point of the specific cutting energy curves representing the ductile and brittle behavior, respectively [9] . When considering DBT at the atomic level, a peak deformation zone under tensile stress state would be formed near the tool edge, which could be treated as the initialization of microcracks [19] . This implies that DBT should occur even in a workpiece without initial defects. Inamura et al. thought that microcrack formation is caused by shearing phase transition and the dynamic acoustic wave on the boundary between the high-pressure phase and monocrystalline bulk beneath the flank face [101] . In practice, many parameters may influence DBT. An appropriate negative rake angle and a low cutting speed (9 m/min) can be chosen for ductile cutting [50, 229] . In the cutting process, a negative rake angle has few effects on the "nanoregion," where the undeformed chip thickness is less than the tool edge radius, but it improves the compressive stress in the "macroregion," which could hinder crack evolution. A straight-nose tool was considered helpful in maintaining hydrostatic pressure compared with a round-nosed tool, which in turn contributes to a greater critical undeformed chip thickness [229] .
In addition to the material properties of the workpiece, tool wear is another crucial factor influencing the cutting result. Severe wear not only shortens tool life but also causes shape errors and damages the machined surface. A tribochemical wear mechanism has been examined in the diamond cutting of monocrystalline silicon [76] . The friction on the flank face and machined surface causes intensely high temperatures in tandem with the sp3-sp2 disorder of diamond. In addition, a diamond tool with a cubic orientation shows higher wear resistance than that with the dodecahedral orientation [77] . For silicon carbide, the graphitization accompanying the high-temperature softening of diamond is the main wear mechanism [75] . Because of the hydrostatic pressure state, wear is more intensive on the flank face than the rake face. The cutting mode also affects the wear pattern. In brittle mode machining, microcraters attached to the edge make the cutting intermittent with high frequency and cause edge chipping. In contrast, during ductile machining, diffusion wear with craters on the rake face is predominant. As the cutting distance increases, high-temperature graphitization and the chemical reactions of the Fig. 4 . Stagnation point denoted by "S" in nano cutting [57] . The stagnation point is where the split-flow of material occurs (left). For an extreme small cutting depth (right), there is no chip formation. diamond on the flank face with silicon and oxygen are accompanied with grooves and stair-type structures [230] .
As mentioned above, subsurface damages may occur even in ductile mode machining. These damages, including dislocations, microcracks, and phase transition layers, may influence the mechanical or optical functions of the product. Rigorous requirements of surface integrity in many applications (e.g., integrated circuit and shortwave optics) motivate the research on subsurface damages. A model was proposed to understand this issue in the diamond turning of silicon [227] , as shown in Fig. 5 . A superficial amorphous layer results from the fast unloading of the highpressure beta-phase. A negative rake angle induces more downward plastic flow. As a result, a thicker amorphous layer is formed. Dislocations are initiated from the boundary of the betaphase concentration in the subsurface because of the difficult motion in silicon. With the tool feed, these dislocations could act as microcrack cores and cause fracture in the subsurface. The pattern of subsurface damages is also influenced by the anisotropy of single crystals [228] . On the Si (001) surface, cutting along the [128 À309 0] direction shows lighter surface damages than the [1-10] and [010] directions, where the microcrack and dislocation group propagate deeply into the bulk. In contrast, dislocation motion in metal is much easier than in covalent crystals. It is possible that the subsurface of copper comprises various lattice structures except for the dislocation emission in nanocutting [169] .
Numerical methods
Numerical simulation provides further insights into nanomanufacturing. Physical quantities, which are difficult or impossible to obtain from experiments, can be easily obtained from simulations. However, simulation accuracy strongly depends on the numerical method and the parameters in the algorithms. Unfortunately, there is no such universal model that handles all physical phenomena because of the multi-scale nature of the problems. As a result, one must select an appropriate method that can describe the system being studied. A typical nanomanufacturing system includes at least hundreds of atoms, and molecular simulation methods are usually employed.
Molecular dynamics (MD) is such a method for the simulation of dynamical processes with atomic resolution. Given the initial conditions, evolution of the system is determined by Newton's second law. To update the positions, the force on every atom must be evaluated reasonably. This is achieved by the well-tested potential functions in MD. However, these potentials are empirical and may not precisely predict all the properties of a specific material. For example, the Tersoff potential is suitable for studying the elastic property of Si, but it shows poor ability to reproduce the melting point [49, 191] . On the other hand, with the rapid advancements in computer science, the size of the MD model has significantly increased. A system with up to millions of atoms can be simulated, which enhances the capability of MD computing. The simulation results of a large model would be more reliable than those of a small model, especially for the mechanical processes at the nanoscale. As shown in Fig. 6 , a large MD model for the nanocutting of germanium is constructed. The atoms in different layers are colored to visualize the stagnation region [126] . With a modified potential, crack initiation in metallic glasses during nanoindentation can also be simulated by MD [233] . Fig. 7 shows the MD model for deposition and the surface topography and crystal structure are also analyzed [218] .
One limitation of MD is the short time scale. Although there are strategies for motion integration with large time steps, the time scale is always incompatible with the processes in practice. If one considers a system in steady state or equilibrium, another molecular method called Monte Carlo (MC) may be more effective. Unlike MD, particle traces are not computed exactly. MC mainly employs a stochastic process and sophisticated sampling. The validity of MC is based on the fact that the distribution in the phase space is invariable as the system is in equilibrium. Thus, MC is suitable for studying the equilibrium state and processes that change slowly with time, such as ion implantation and slow loading. In some studies, MC is also used for nanocutting simulation [118] . With decreasing cutting speed, MC methods quickly become significantly more efficient than MD. The temperature results of the two methods show reasonable agreement [118] .
In practice, an MD or MC model is always less than hundreds of nanometers in each dimension. This issue is further highlighted when a complicated potential is used. The finite element method (FEM) can be employed to overcome this disadvantage in principle. However, the constitutive equations depend on a set of material parameters obtained from macro tests. Furthermore, the complexity of the material structure at the nanoscale is extremely difficult to formulate in the frame of continuum mechanics. Thus, Fig. 5 . Subsurface damage model of nanoturning of silicon [227] . The metallic phase is transformed into an amorphous layer and dislocations occur during rapid unloading. Fig. 6 . MD simulation of nanocutting [126] . The split-flow of the material is visualized by coloring the atoms in different layers. FEM simulation commonly shows irrational results and is not often used in nanomanufacturing, although it is a powerful tool for problems at the macroscale. Nevertheless, FEM can be used for the solution of electromagnetic fields at a small scale such as the AFM tip-enhanced SERS [153] (Fig. 8(a) ). Another similar method for solving Maxwell's equations is the finite-difference time-domain (FDTD) technique. Fig. 8 (b) shows its application in the design and modeling of electromagnetic acoustic transducers (EMAT) [221] . Although deposition or nanocutting cannot be precisely simulated by FEM and FDTD, their concepts could be adopted to model the macroregions in nanomanufacturing (e.g., substrate). These macroregions represent the bulk material in which the nanoprocesses occur. They may serve as supporters or heat conductors that behave as continuum bodies. If the simulation is conducted by solely a molecular method, a vast amount of time would be spent without obtaining interesting information. Consequently, multi-scale approaches have been presented to save computation time without losing accuracy of the critical regions. For example, in the quasicontinuum (QC) method, potential functions are used in the fully resolved region to calculate the energy, which is computed by interpolation in the fully sampled region [14] . Based on the adaptive mesh algorithms, regions with intensive local deformation would be fully automatic and the substrate is represented by a small group of sampling points. As a result, simulation with sufficient accuracy and high efficiency could be achieved [242] .
Note that although a dynamical simulation of nanomanufacturing cannot be directly performed by the quantum method, this class of tools is significant in the examination and optimization of empirical potentials [241] , which determine the accuracy of the molecular simulation.
Experimental testing
This section briefly reviews some experimental approaches, especially for nanomechanics. Nanoindentation [144] has been widely used in the past decade to examine nanomechanical parameters (e.g., elastic modulus, hardness of small material volumes in thin films). As in the conventional indentation technique, the applied load and penetration depth of the indenter are recorded. However, evaluations of some physical quantities are different from those in the conventional method. For example, hardness is calculated from the area enclosed by the loading and unloading curves instead of using the residual area on the material [182] . Fig. 9 shows the nanoindentation of silicon before and after surface modification. It is obvious that Young's modulus and hardness are reduced by ion implantation, with the enhancement of plasticity [54] .
As discussed above, the critical undeformed chip thickness is important in the machining of brittle crystals. To derive it, taper cutting experiments are performed as illustrated in Fig. 10 (a) [131] . As the cutting depth increases, the smooth surface would become coarse with the existence of microcracks and the transition depth could be considered as the critical undeformed chip thickness. For a single crystal, this critical value varies with the direction, indicating the anisotropy of the material as well as machinability ( Fig. 10(b) ) [210] . A similar process usually referred to as nanoscratching is often conducted by atomic force microscopy (AFM), where the cutting depth is kept constant. In addition, taper cutting can be also used to investigate the subsurface damages with electron microscopy. The scratching method concerns more of the dynamical properties of the process, such as the cutting forces and material removal rate. Fig. 11 is a schematic of the scratching process. After several scratches were made, the scratched area was scanned using the same indenter to capture the images [119] . Furthermore, a dedicated instrument has been developed for the study of nanocutting. A nanoscale motion stage and nanomanipulator have been developed in the scanning electron microscope (SEM) for in situ observation of nanoscale processes with a high resolution. They enable experimental verification of the extrusion mechanism in nanocutting [55] .
Surface geometry can be measured by various methods discussed in the following section. However, fundamental research is more interested in surface topography and the internal material structure. SEM is a powerful tool for observing complex 3D nanostructures with a wide magnification range 10-500,000 times [87, 217] . It is widely used in the design of MEMS devices [74] and the examination of bio-inspired functional surfaces [147] , e.g., manufacturing of microfibrillars by soft lithography on a PDMS. In nanomachining, the tool wear [41] and machined surface [116] are often examined by SEM. A shortcoming of SEM is the inaccuracy in the geometric measurement, which can be overcome by AFM. Fig. 8 . Modeling using the FEM method (a) for the mesh of the AFM tip and electric field distribution around it and FDTD method for (b) wave propagation in the EMAT arrays [153, 221] . Fig. 9 . Nanoindentation of normal and ion implanted silicon [54] . The smooth indented mark on the implanted silicon indicates ductility enhancement. Fig. 10 . Taper cutting [131] and the groves on GaF 2 single crystal [210] . The ductilebrittle transition is denoted by the onset of surface cracks as the cutting depth exceeds the critical value.
Highly accurate measurements of the diamond tool edge are critical for the cutting model. The edge radius of a sharp diamond tool is usually $50 nm. This is beyond the measurement capability in the visible range and is measured by AFM [207] . Yet, this is not an ideal method because of the narrow range and scratching between the probe and tool. Therefore, advanced measurement techniques are desired. Transmission electron microscopy (TEM) or Raman spectroscopy must be used for examining internal material structures or detecting subsurface damage. TEM is a microscopy technique in which a beam of electrons is transmitted through an ultrathin specimen, interacting with the specimen as it passes through it. It is the most straightest way to observe the material components and lattice defects with an ultrahigh magnification, but the sample preparation is destructive and complicated. In contrast, Raman spectroscopy is nondestructive and is used for a preliminary and fast test of subsurface damage in nanomanufacturing. For example, the existence of a characteristic peak at 470 cm À1 indicates the amorphization of silicon after diamond turning [227] . In Si-based MEMS, residual stress and stress variation can be evaluated by the Raman shift, which is valuable for the optimization of the fabrication parameters [163] .
Nanomanufacturing technologies
Nanomanufacturing technologies aim to fabricate nanostructures and parts with nanoaccuracy. These technologies employ various nanoprocesses with high controllability and mainly include nanomechanical machining, nanolithography, energy beam deposition/epitaxy, and replication. Furthermore, product evaluation and its results for manufacturing performance control are critical, which is the major task of nanometrology.
Nanomechanical machining
Mechanical machining mainly includes conventional cutting, grinding, and polishing. Nanomechanical machining includes material removal and machining accuracy at the nanometric level. Nanocutting and grinding are widely used for fabricating highperformance functional surfaces. In particular, nanocutting can be used to obtain a fine finish and very high form accuracy. Moreover, it can rough out large volumes of material quite rapidly. For instance, multi-scale surfaces and biomimetic surfaces have been machined by the end-fly-cutting-servo method [201] . One type of ellipsoid micro-aspheric array with nanopyramids was manufactured with a mean height of 395 nm and standard deviation of 15 nm [201] . However, the efficiency of these methods are mostly determined by the accuracy of machining compared with the polishing technique [59] .
The polishing process can create smooth and shiny surfaces by rubbing them using a mechanical or chemical action, leaving a surface with a significant specular reflection; it is widely used in the manufacturing of aerospace mirrors. For an optical system working in ultraviolet or extreme ultraviolet waveband, nanometric form accuracy and roughness are significant. Because the system resolution is proportional to the working wavelength and a small wavelength requires small wavefront aberrations and extremely high shape accuracy. This can be obtained with the polishing process. However, note that the machining method itself cannot be employed to achieve the nanometric shape accuracy; nanometrology methods introduced in the following section must be used for this purpose. Therefore, polishing is always considered a subsequent process of cutting or grinding. The main task of polishing is to remove cutting marks in addition to improving the form accuracy. Cutting marks that generate the diffraction or scattering pattern are mainly created by the regular cutting path [112] . The elastic emission machining (EEM) method has been proposed to remove the marks on the fabricated surface in order to obtain an extremely smooth surface [93] .
In addition, the polishing process causes less surface damage than the cutting and grinding processes; therefore, it is widely used to machine optical crystal materials. Hard and brittle crystal materials always work in high-energy applications, such as the National Ignition Facility (NIF) requiring a high-energy threshold [95] . Hence, mechanical polishing of brittle materials is an important area in the mechanical engineering field. The growth and applications of nanocrystalline diamond (NCD) thin films is a hot topic as NCD can retain the superior Young's modulus (1100 GPa) of single-crystal diamond and it can be grown at low temperatures (<450 C) [171] . Faster removal rates and arithmetic roughness (Ra) values of 2.8 nm are achieved when NCD films are used in conjunction with an initial mechanical polish [161] . However, to further reduce roughness, NCD films are grown to 360 nm and chemical-mechanical polishing (CMP) is employed [198] . The polishing mechanism comprises the wet oxidation of the surfaces with the polishing fluid facilitating the attachment of silica particles to the diamond film followed by shearing the particles due to forces from the polishing pad. Thus, with its low temperature, simple operation, and ability to polish wafers with significant bow, and already common CMOS industry supplies, CMP is an attractive method for the polishing of thin film diamond.
Fixed abrasive polishing can be used to simultaneously achieve nanometeric surface quality and nanomaterial removal. In contrast to free abrasive polishing, the abrasives are embedded in the polishing pad in the fixed abrasive polishing process, thus avoiding random abrasives from scratching the wafer surface and reducing the cost of slurry; moreover, the slurry does not contain any abrasive grains [199] . For example, a calcium fluoride (CaF 2 ) crystal is machined by fixed abrasive polishing. The results show that the optimal surface roughness Sa is 4.13 nm when polishing with Na 3 PO 4 slurry while the worst is 8.31 nm when polishing with triethanolamine (TEA) slurry [134] . The slurry is commonly used in free abrasives, with diameters less than 1 mm, dispersed in waterbased solutions; a typical example is polishing slurry. Nowadays, mechanical polishing is widely used as the final or semi-final treatment of electronical and opto-electronical materials such as Si, glass, sapphire, GaAs, GaN, and SiC [3] . Recently, water containing micro-, nano-, or micro-nanobubbles (MNB) [2] of gas has been revealed to have interesting properties that could possibly be exploited for water-based slurries used in polishing. Different slurries have been used to polish single-crystalline cplane (0001) GaN substrates. Experimental results also proved that 0.5-MNB slurries result in relatively higher removal rates and lesser damage than 0.5-EG slurry [2] .
Noncontact polishing is the main approach to achieve ultrasmooth and damage-free surfaces. EEM, described above, is one type of noncontact polishing method that can achieve an ultrasmooth surface with a roughness of 0.1 nm. In addition, magnetorheological finishing (MRF) [46] and magnetorheological jet finishing [187] have also been proposed and applied recently. Plasma chemical vaporization machining (PCVM) has been used to polish quartz crystal wafers to achieve a damage-free surface and improve thickness uniformity [226] . Plasma activates gas particles and makes it react with the surface atoms, thus generating volatile products. Surface material processing is finally achieved by gas evaporation. Numerically controlled PCVM can be used to fabricate a large area mirror, whose schematic is shown in Fig. 12 .
Nanolithography
Nanolithography is the study and fabrication of nanostructures, that is, patterns with at least one lateral dimension between 1 nm and 100 nm. Nanolithography has been developed to enable the industrial production of integrated circuits (ICs) and microelectromechanical system (MEMS) devices. At present, its manufacturing ability of minimum feature size is continuously improved, which makes it a very active area of research in academia [62, 205] and nanoscience including nanomedicine for diagnosis and treatment [40] and nanoelectronics for denser and faster computing. The reproducible fabrication of nanoelectrodes is an effective way to provide probes in nanoelectrochemistry research [152] . These nanoelectrodes can be manufactured reliably and reproducibly and can be characterized by conventional electrochemical methods with a geometric surface area of Au nanoelectrodes [81] . Nanolithography enables the fabrication of Au nanoelectrodes with a geometrical surface area of 160 nm Â 1 mm on a SiN insulation film [115] .
As described above, nanolithography can be categorized into masked lithography and maskless lithography. Masked lithography is suitable for mass production, usually with a minimum feature size of several micrometers [168] . Since high temperature usually causes thermal deformation due to the diffusion effect and microcontact imprinting results in wide graphic lines, ultraviolet (UV) nanolithography has the advantages of high alignment accuracy and small feature size in the design and fabrication of high-contrast alignment marks [92, 135] . Some novel technologies, such as soft lithography and nanoimprint lithography, enable fabricating structures of several or few tens of nanometers; this is detailed in the replication section. Maskless lithography always works in the direct-writing mode, creating arbitrary patterns at ultrahigh resolution with a minimum feature size of a few nanometers. In these methods, an energy beam-such as an electron beam [7] and a focused ion beam [202] -is mainly used in the scanning mode on a resist for exposure. However, these methods mainly satisfy the academic requirements owing to the lower throughput. Dip-pen nanolithography (DPN) is a scanning probe lithography technique that uses an atomic force microscope (AFM) tip to directly create patterns on a range of substances with various inks. DPN is the nanotechnology analog to the dip pen (also called the quill pen), where the tip of the atomic force microscope cantilever acts as a "pen" that is coated with a chemical compound or a mixture acting as an "ink," and placed in contact with a substrate (Fig. 13) , which is the "paper" [175] . This technique allows surface patterning on scales of under 100 nm. Traditional probe tips are made of hard materials such as silicon, silicon nitride, and PDMS elastomer, while various nanomaterials such as nanoparticles [177] , liquid solutions [86] , and organic materials [133] can be written. The manufacturing characteristics of DPN including processing rate, tool life, and feature quality have been recently reported [179] .
Secondary sputtering lithography (SSL), which is a new concept of 3D lithography, can pattern 3D nanostructures with a high aspect ratio over a large area through an effective fabrication process ( Fig. 14) . Fabrication of nanogap structures with a spacing of tens of nanometers between highly periodic nanostructures can lead to significant integration with low power consumption, high performance, and low fabrication cost in electronic applications. Such a controllable and reliable approach can fabricate 10 nm nanogap structures using an elastomeric nanostamp with an embedded ultrathin pattern. The nanopattern of the stamp is formed by the SSL and mounted on a PDMS body (d)-(f). Then, the stamp is imprinted on the polystyrene mask (g). The final nanogap structure is realized by the etching process (h)-(i). It can facilitate versatile applications such as molecular electronics and chemical and biological sensing tools [106] . 
Energy beam machining
Energy beam machining is a well-known noncontact-type machining process that can be applied to almost all materials. An energy beam is focused for melting or vaporizing, and removing the unwanted material from the parent material. Typical energy beam includes ion beam, laser beam, and electron beam.
Focused ion beam (FIB) is particularly used in the semiconductor industry, in materials science, and increasingly in the biological field for site-specific analysis, deposition, and ablation of materials [202] . Diamond cutting tools with nanometric edge radii used in ultraprecision machining can be fabricated by FIB [192, 225] . However, the performance of such diamond tools and the lifetime of the cutting edge would be degraded because of the nanoscale lateral damage induced by FIB [225] . To decrease this damage, the fundamental effects are examined and the fabrication process is optimized by experimentally examining the tool edge radius for nanocutting and the minimum thickness of the chip (MTC) [100, 189] . An FIB setup is a scientific instrument that resembles a scanning electron microscope (SEM). High-energy FIB (30 kV) can observe and measure diamond tool edge radii of about 16 nm, as shown in Fig. 15 [220] . It has been found that low-energy FIB can indeed reduce the gallium ion implantation depth and is significant in decreasing the thickness of the FIB-induced amorphous layer. A nanocutting experiment using a diamond tool edge radius of 22 nm, which is fabricated using low-energy FIB (5 kV), without a coolant achieved the smallest chip thickness of about 9 nm. The ratio of the minimum chip thickness and tool edge radius (MTC/r) reduced from about 1.3 to 0.3-0.4 only after optimization of the tool's performance. Therefore, it was concluded that decreasing the FIB-induced damage of diamond tools and adding a coolant during nanocutting are beneficial for improving the research on nanocutting and the minimum chip thickness.
FIB tomography has also been proven to be very useful in obtaining high-resolution 3D microstructural information over relatively large material volumes with nanoscale features [96] . It typically involves repeated removal of material in thin slices using FIB and then imaging the freshly exposed material cross-section using an electron beam. With the advent of dual-beam FIB/SEM machines [13] , this iterative serial sectioning and imaging procedure eliminates the need for specimen transfer between machines and enables automation of the entire process, thus drastically reducing the time and effort. Accurate 3D microstructural reconstruction by high-resolution FIB nanotomography primarily relies on obtaining high-quality cross-sectional images and accurately determining the slice thicknesses. Automated FIB tomography has been achieved to accurately reconstruct the 3D open network structure of nanoporous gold with a small characteristic length scale of $40 nm [97, 148] .
Because of its unique 3D processing capability, arbitrary shape designability, and high fabrication accuracy up to tens of nanometers (significantly exceeding the optical diffraction limit), femtosecond laser direct writing (FsLDW) has been established as a nanoenabler to solve problems in diversified scientific and industrial fields [146, 240] . Therefore, it is significant in the applications of delicate nanoprototyping in microelectronics, micromechanics, microoptics, and microfluidics [129, 193, 212, 219] . Typically, the major problem that restricts the spatial resolution of a metal micro-nanostructure fabricated via FsLDW is the uncontrollable growth and aggregation of metal nanoparticles during the photonreduction process, as shown in Fig. 16 [21] . Refined 3D silver structures have been successfully manufactured with the aid of suitable surfactants that inhibit the growth of metal particles. By controlling the laser power and the concentration of surfactants, minimum feature sizes as large as 180 nm for 3D structures and 120 nm for 2D patterns were obtained [222] . FsLDW has also been used to fabricate microrings, microdisks, and double microring lasers [121, 231] . The ultrafast laser can enhance the surface area and form various micro-nanostructures by energy irradiation, which can be used to improve the light trapping properties and make the structures superhydrophobic for selfcleaning applications [158] .
The basic principle of electron beam machining is the melting and vaporization of the work material by the thermal energy generated by the electron beam. Electron beam lithography followed by reactive ion etching is the most common technique for the nanopatterning of supported 2D materials with different structures such as Hall bars [154] , nanoribbons (GNR) [85] , and quantum dots [84] on insulating substrates. Especially for graphene, a 2D lattice of carbon atoms is promising for building devices with exceptional electronic properties, where freely suspended graphene without contact with any substrate is the ultimate truly 2D system [8, 181] . High-resolution room temperature nanoetching of suspended graphene layers into a graphene device is achieved by an electron beam [188] .
Deposition and etching
Deposition, especially thin film deposition, describes any technique for depositing a thin film of material onto a substrate or onto previously deposited layers. The control layer thickness is within a few tens of nanometers.
Chemical vapor deposition (CVD) and physical vapor deposition (PVD) are the main deposition methods. CVD is a chemical process used to produce high-quality high-performance solid materials. CVD is often used in the semiconductor industry to produce thin films. On the other hand, PVD uses physical processes (such as heating or sputtering) to vaporize a material, which is then Fig. 15 . SEM measurement of the tool edge radius and micrographs of chips with thickness less than 10 nm without coolant during nanocutting using a diamond tool with 22 nm edge radius and 5 kV FIB [220] . deposited on the object that requires coating. Deposition is also called epitaxy, which is the growth process of a solid film on a crystalline substrate in which the atoms of the growing film mimic the arrangement of the atoms of the substrate. Epitaxy is significant in both fundamental research on thin film growth processes and the application of these procedures to grow highquality crystal layers from different materials to realize technically important functions.
In typical CVD, the substrate is exposed to one or more volatile precursors that react and/or decompose on the substrate surface to produce the desired deposit. Volatile byproducts are also frequently produced, which are removed by gas flow through the reaction chamber. Nanofabrication processes widely use CVD to deposit materials in various forms. CVD overcomes the challenge of films synthesized with a lateral size of several micrometers. For example, large-area MoS 2 films are directly synthesized on SiO 2 /Si substrates [176] . The high-resolution TEM image reveals the hexagonal lattice structure with a lattice spacing of 0.27 and 0.16 nm assigned to the (100) and (110) planes, respectively. Atomic layer deposition (ALD), considered a subclass of CVD, is a thin film deposition method in which a film is grown on a substrate by exposing its surface to an alternate gaseous species (typically referred to as precursors) [138] . Exceptionally conformal coatings spanning the periodic table and atomic-scale precision independent of substrate geometry are intrinsic to ALD and result from sequential and self-limiting surface reactions. ALD typically uses metalorganic precursors and hydrogen sulfide (H 2 S). With H 2 S, various sulfide materials can be deposited by ALD, and the list is rapidly expanding [39] . ALD can also be used to fabricate 3D photonic crystals within self-assembling silica nanosphere arrays that exhibit strong photoluminescence [113] .
Over the last few years, various ionized sputtering techniques that can achieve high ionization of sputtered atoms have been developed. Ionization of sputtered vapor improves film quality [90, 149] . The development and application of magnetron sputtering systems for ionized physical vapor deposition (IPVD) indicate that it is a promising technique [4, 90] . Fig. 17 shows the internal image of an IPVD equipment that is adopted to grow indium-tin oxide (ITO) films. The high-density plasma generated from the internal inductively coupled plasma radio frequency (ICP-RF) coil is shielded with a quartz tube [30] . The ITO films deposited by IPVD are 40 nm in thickness. Therefore, it is very effective for developing denser films with good optical and electrical properties at a low temperature [30] .
Deposition is an additive process in contrast to etching, which is traditionally a process of removing the unprotected material surface to create a design structure and can now be used at the nanoscale [15] . Etching can be mainly categorized as wet and dry etching. Wet etching needs a liquid solution to dissolve the materials; therefore, a mask that cannot be dissolved should be selected. In contrast to isotropic etching, anisotropic etching uses different etch rates in different directions in the material [117] . Wet etching is the traditional method and is not suitable for fabricating thin films. On the other hand, dry etching has much higher resolution and cost. It can be classified into three groups: reactive ion etching (RIE) [105] , sputter etching [164] , and vapor phase etching [162] . RIE can be modified according to the application requirements. RIE removes the uncovered surfaces by using accelerated ions that are excited by plasma in gas environments. Deep RIE can achieve almost vertical sidewalls at depths of hundreds of microns [114] . Cryogenic etching aims to limit plasmainduced damage during RIE at room temperature [200] .
Plasma-assisted etching has been proposed to fabricate diffractive optical elements (DOEs) or metasurfaces [110] . Various ultrathin (characteristic dimension less than the optical wavelength) flat optical components can be manufactured using the same template [23] . However, current nanostructure fabrication by etching is usually limited to planar structures as they are defined by a planar mask. A method for fabricating a 3D mask that allows one to fabricate 3D monolithic nanostructures using a one-step etching process has been developed. The mask is written in a hardmask layer that is deposited on two adjacent inclined surfaces of a Si wafer. By projecting two different 2D patterns within one 3D mask on the two inclined surfaces in a single step, a mutual alignment between the patterns is ensured (Fig. 18) [82] .
Through single-material deposition on the self-assembled microsphere array monolayer, 3D-shell-like artificial chiral nanostructures, as shown in Fig. 19 , have been fabricated; they have potential applications in integrated photonics and enantiomeric sensors [24] .
Nanoprinting
The printing method is one specific additive nanomanufacturing process, while the traditional methods with precision limited include thermal and piezoelectric printing as well as electrostatic printing. With the advent of electrohydrodynamic jet printing, droplets that are smaller than the nozzle itself can be printed at room temperature and at high speed. Moreover, the nanojets can manufacture nanostructures well [178] .
Nanoprinting achieves more complex micro-or nanostructures than other methods. In particular, 3D nanoprinting constructs the object or structure layer by layer both vertically and horizontally. Deposition is an important approach for printing 3D nanoscale objects. For example, dip-pen nanolithography (DPN) is an important nanoprinting method that has eliminated the need for a jet nozzle. The nanofountain pen (NFP) technique uses a glass or quartz capillary that has a tapered tip and an aperture of a few hundred nanometers to deliver liquid from the capillary onto a target substrate. When liquid fills the capillary, it flows to the end of the tapered tip by capillary forces. The liquid flows out of the capillary only when it contacts the substrate owing to the surface tension of the droplet formed at the end of the capillary [179] . A biospecific nanopatterned peptide array has been developed to examine how the nanoenvironment controls cell behavior.
Although the cells are microns in size, they sense and respond to dynamic nanoarchitecture changes of the ECM. Parallel DPN was utilized to pattern an array of electroactive alkanethiols on gold surfaces [216] . DPN was used to form a microarray of phospholipid multilayers, which successfully delivered drugs to cells by encapsulating small molecules [125] .
Nanoprinting also uses other lithography technologies. Microcontact printing is a soft lithography method that can fabricate micro-and nanoscale structures. It uses a patterned elastomeric stamp to transfer chemical or biological materials (inks) onto a solid substrate. The scanning probe contact printing (SP-CP) method was proposed to allow one to make micro-and nanoscale features with excellent alignment registration capabilities based on a novel scanning probe microscope (SPM) with an integrated elastomeric tip, as shown in Fig. 20 [214] .
Nanoprinting has found many applications in electronics, biotechnology, and material synthesis/patterning [178] . In particular, it is widely used in nanobiotechnology for constructing nanobiomaterials or nanostructures. Porous PCL-b-TCP scaffolds with identical pore sizes (500 mm) but different strut sizes (200 and 400 mm) were manufactured by an in-house-built Hybprinter. The scaffolds were melted at 140 C, extruded as tiny struts, and laid in 0/901 patterns layer-upon-layer to form porous lattice-shaped scaffolds, as shown in Fig. 21 [184] .
Ink writing technology is an important method to manufacture nanobiomaterials or nanostructures [132] . In inkjet printing, liquid materials (in droplet form) are often converted into solid via cooling (e.g., crystallization or vitrification), chemical changes (e.g., the cross-linking of a polymer), or solvent evaporation after the deposition process [204] . There are two different modes: drop on demand (DOD) and continuous inkjet (CIJ). Generally, CIJ systems use fluids with lower viscosity at a higher drop velocity than DOD and are mostly used where printing speed is important. In contrast, DOD is used where a smaller drop size and higher accuracy are required, and it has fewer limitations in terms of ink properties compared with CIJ [204] . A micropillar array that allows tuning substrate rigidity via the length of the pillars was used to further explore the relationship between the adhesion area and force generation in nanobiomaterials [43] .
Nanoassembly
Assembly is a bottom-up approach. It is suitable for manufacturing nanosystems and nanostructures with complex 3D geometry. Furthermore, the self-assembly process, which progresses spontaneously, is driven by chemical or physical interactions, such as Coulomb forces, Van der Waals' forces, and hydrogen bonds, between atoms and molecules and is sensitive to the molecular configuration and chemical and physical environments [160] . The size of the fundamental element could vary from atomic-to microscales according to applications.
One major application of nanoassembly is nanoelectronics, where the circuit comprises nanodevices, nanowires, or even large molecules. The limited resolution in the lithography process can be easily overcome by this method. As a result, high-performance computing, mass storage, and miniaturization could be achieved [109] . For example, large DNA molecules can be used as a template to construct the electric connection at the nanoscale [48] . The gold electrode array is first fabricated and then coated by oligonucleotide monolayers. Then, it is dipped into a DNA solution having predesigned sequences and sticky ends. As a result, the DNA network is formed owing to self-assembly processes between complementary DNA sequences. Finally, some metal grains are connected to the network to achieve electronic functions.
Nanoassembly is also commonly used to manufacture optical functional surfaces, such as surface-enhanced Raman scattering (SERS). A 3D woodpile-like structure is realized by Ag nanowires, as shown in Fig. 22 [26] . The Ag nanowire arrays are assembled in a layer-by-layer fashion with different heights. Atomic force microscopy is used to evaluate the morphology of the assembled system. The x-y plane Raman mapping indicates the SERS response over a large test area. Another structure with SERS is achieved by nanoparticles with specific features [60] . As shown in Fig. 23 , the first step is to prepare the surface features by Au atom concentration and nucleation. Then, a monolayer or multiple layers is constructed on a silicon substrate through the self-assembly of the multi-tip gold particles. This method can form a large homogeneous SERS layer with high reproducibility.
The assembly process could take place at the atomic or hierarchical scale. For example, one can obtain a monolayer consisting of octanethiol atoms on a Au (111) surface by chemical bonds induced self-assembly [166] . Fig. 24 shows a hierarchical structure ranging from ten nanometers to several microns, which is manufactured by self-assembly and micromolding techniques [232] . Some bionic nanofibril structures are also designed as tissue-engineering scaffolds and biomimetic engineering materials [238] . 
Nanoreplication
Manufacturing of nanoscale features by replication is an efficient way to create nanofeatures on surfaces with functional properties, e.g., hydrodynamic, mechanical, biological, chemical, or optical. Replication on micro-and nanoscales was extensively covered in a CIRP keynote paper [88] . Here, replication is defined as the transfer of a master geometry onto a substrate by copying the master geometry. It was discussed that the transfer can be induced by means of heat, force, chemical activation, or other energy input or activation. Often, a combination of effects can be observed. Usually, there is physical contact between the master and substrate material to ensure the transfer of geometry. Nanoscale replication originated in the 1980s by the so-called LIGA process consisting of X-ray lithography, electroforming, and molding [6, 151] . The master geometry is created on a resist and replicated onto Ni by electroplating. This geometry is then used for subsequent polymer replication.
Replication is mainly implemented by lithography, such as projection printing photolithography [73] , soft lithography [36] , and nanoimprint lithography (NIL) [33] , achieving a minimum feature size of several or tens of nanometers. Recently, injection molding has been developed for nanoscale replication [88] . Soft lithography arose from the innovation of using a relatively soft polymer stamp to imprint a solution of molecules (ink) onto a substrate for pattern transferring. In contrast, NIL utilizes a hard mold for imprinting on a polymer film for nanoscale patterning [31] . Once a solid stamp with a nanorelief on the surface is fabricated, it can be used for the replication of many identical surface patterns. NIL has emerged as a candidate for nextgeneration manufacturing methods promising high throughput and high resolution at a relatively low cost [194] . NIL includes two modes: thermal NIL and UV-assisted NIL [25] , as shown in Fig. 25 . Table 1 compares the principle, materials, tools, and resolution of the main nanoreplication methods [88, 180] .
Replication technologies satisfy both academic (biological and new material research) and industrial requirements (high throughput). An artificial fossilization process is developed to faithfully replicate morphological hierarchies of natural cellulosic substances from macroscopic to nanometric scales. Titania films were replicated precisely from natural cellulosic fibers with a variable tube outer diameter (30 nm-100 nm) and a uniform tube thickness (10 nm) [99] . Bulk metallic glasses (BMGs) were proposed to be used for replication to produce components of nano/microdevices [34, 122] . Various pattern sizes from $2 mm to 100 mm were transferred from original Si dies. The feature size of periodic nanostripes is 609 nm with a pitch of 156 nm [27] . This indicated that the performance of the Au-based BMG is good in terms of micro/nanoreplication.
UV roll-to-roll nanoimprinting is employed to fabricate high fidelity resin molds with nanoscale as well as micro-nanoscale features; the process is illustrated in Fig. 26 [47] . One enabling technology that is particularly worthy of attention is the mass production of high-resolution resin molds via UV roll-to-roll Fig. 23 . Nanoparticle preparation and Raman image/spectrum of SERS layer [60] . Fig. 24 . Hierarchical structure. The pattern and nanostructures are formed by micromolding and particle self-assembly, respectively [232] . Fig. 25 . Schematic of thermal NIL (left) and UV-assisted NIL (right) [174] . nanoimprinting at such a high throughput and low cost that they can be used only once and disposed off or recycled economically. This technique results in the production of textured films by employing a mold mounted, etched, or directly written onto a roller, which is in contact with the imprint medium to pattern the film surface [140, 145] . The SEM cross-sectional view of the resin mold manufactured by UV roll-to-roll nanoimprinting indicates a nanostructure with a 50 nm feature diameter, up to 120 cm 2 area, and a 10 m/min throughput.
Measurement and evaluation
As described in the previous sections, numerous workpieces manufactured by nanomanufacturing comprise nano-and microstructures over an extended area. Reliable and fast measurements of such workpieces is necessary for both control of the nanomanufacturing processes and final product acceptance. Scanning probe microscopes (SPMs), microcoordinate measuring machines (microCMMs), and optical measurement systems are major dimensional measurement technologies for nanomanufacturing [87] . In this section, recent accomplishments in measurement technologies are presented as an update of the related past CIRP keynotes [38, 94, 215] .
Scanning probe microscopes
Scanning probe microscopy (SPM) with nanometric resolutions along vertical and lateral directions, represented by scanning tunneling microscopy (STM) and atomic force microscopy (AFM), was originally invented to observe atomic surface structures within a very limited area. It has been applied to the dimensional measurement of nano-and microstructures [38] .
A recent achievement is the significant expansion of scanning areas in XY and the tracking stroke in Z by using linear motordriven stages instead of the conventional piezoelectric actuators along with precision positioning technologies [71] . The nanopositioning and nanomeasuring machine NPMM-200 can reach a measurement range of 200 mm Â 200 mm Â 25 mm with a resolution of 20 pm [104] . This provides the SPM a potential for the dimensional measurement of nano-and microstructures over a large area.
On the other hand, conventional SPM systems perform raster scanning for 3D measurements. The repeated line-by-line scans make the large area measurement time-consuming. The measurement time can be reduced by performing spiral scanning as only one continuous scan along the radial direction is needed [67] . Fig. 27 shows a large-area spiral scanning AFM with an air spindle that can mount a specimen with a diameter up to 300 mm. The angular resolution of the rotary encoder in the air spindle was 0.009 arc-seconds, enabling an AFM lateral resolution of 2 nm at 100 mm with respect to the spindle center. Note that the center of the measurement coordinate in the SPM should be aligned with that of the spindle to prevent distortions in the AFM image [68] . The spiral scanning mechanism has also been applied to a large-area STM [80] .
The geometry of the SPM probe is another critical issue in the measurement of nano-and microstructures with large amplitudes or high aspect ratios. The probe tip must have a sufficient length compared with the amplitude of the structure as well as a small tip angle. Fig. 28 shows an AFM probe fabricated by gluing a 120 mm long diamond tip on a tipless silicon cantilever. The free end of the diamond tip was sharpened to a three-sided pyramid with a 26 . Process schematic detailing the major steps in producing high-resolution resin molds via UV roll-to-roll nanoimprinting [47] . sharpness on the order of 10 nm and a tip angle of 40 . It has been employed in a large-range metrological AFM for measuring a standard step height of 100 mm [213] . Fig. 29 shows a long tungsten tip for a scanning electrostatic force microscope (SEFM) [70] . The electrochemically polished tungsten tip with a tip angle of 10 was glued on one beam of a tuning fork quartz crystal resonator with conductive epoxy. An additional probe tip with an identical shape was glued on the other beam of the resonator as a counterweight for achieving a high quality factor. Before performing profile measurements using the SPM, the SPM probe tip must be aligned with the measurement area of interest within the scanning range of the SPM. This is generally performed based on visual feedback using an optical microscope. However, it often becomes difficult when the SPM tip is aligned with specific nano-and microstructures. Fig. 30 shows an optical alignment sensor for AFM measurements of 3D edge profiles of diamond cutting tools [72] . The laser beam with its optical axis along the Y-direction from the laser source of the optical sensor is focused to form a beam waist near the AFM probe tip and the cutting tool edge top. The laser beam is then collected through a lens and directed to a photodiode. Thus, the output of the photodiode, which is verified to be a function of the X-, Y-, and Zpositions of the AFM tip and/or the tool edge top, can be employed for automatic and fast alignment of the AFM tip with the tool edge top. The 3D cutting edge profile of a microtool with a nominal nose radius of 1.5 mm can be measured [69] . Based on the 3D AFM image, the edge sharpness was evaluated to be approximately 40 nm and the out-of-roundness of the edge contour was evaluated to be 42 nm.
Like any other type of surface profile measurement instrument, the measurement force, which is determined by the contact condition between the probe tip and the measured surface, is an important issue in SPM. Because the apex radius of the SPM tip is very small, on the order of 10 nm, even a small contact force can generate a large contact pressure on the sample surface. Thus, reduction in the contact force or implementation of noncontact SPM is necessary for avoiding surface damage. A noncontact SPM for surface profile measurement was constructed by utilizing longrange electrostatic force, which can scan over a surface with a large tip for a sample separation of up to several hundreds of nanometers [107] . The dual height method is employed in this SPM to extract the tip to the sample distance from the electrostatic force signal for accurate surface profile reconstruction without the influence of the electric field distribution over the sample surface.
Micro-CMMs
A microCMM with a microprobe is an effective tool for 2D/3D coordinate measurements of microstructures in nanomanufacturing [35] . The capability of detecting the 2D/3D displacements of the probe tip with high resolutions and low contact forces is a primary requirement for such a microprobe [215] .
Considering the difficulty in making direct measurements of the displacements of a probe tip ball, the measurement is indirectly performed through a flexure hinge mechanism on which the probe stylus is attached. The measurement is performed based on the geometric relationship between the 2D/3D displacements of the probe tip and the multi-degree-of-freedom (multi-DOF) deflections of the hinge mechanism. In Fig. 31 , a movable plane, on which the probe stylus is attached, is suspended by flexure hinges so that translation exists in the Z-direction and the two rotations A and B are its degrees of freedom [139] . A Fizeau interferometer, which detects the deviation of the movable surface being tested relative to the non-movable reference surface, is employed to measure the multi-DOF movement of the movable plane. The Z-direction displacement of the probe tip results in a parallel shift of the measurement plane along the same direction. This changes only the intensity of the interference pattern over the entire diameter of the laser beam and not its shape, from which the Z-displacement can be evaluated. Meanwhile, the X-and Ydirectional displacements of the probe tip cause the rotations A and B of the movable plane, which altered the orientation and distance of the interference fringes, from which the X-and Ydisplacements of the probe tip can be calculated if the length of the probe stylus is calibrated. Consequently, the X-, Y-, and Zdisplacements of the probe tip can be determined using one sensor (the Fizeau interferometer). The principal contributors to the measurement uncertainty of the 3D microprobe are the uncertainties of the interferometer and the computing performance of the surface orientation being examined. The total measurement uncertainty was U (k = 2) = 0.24 mm for length 0.24 mm. Fig. 29 . Long tungsten EFM probe tip [70] . Fig. 30 . Schematic of automatic alignment of the AFM probe tip with the cutting tool edge top [72] . Fig. 31 . 3D microprobe with a Fizeau interferometer [139] .
A similar microprobe with two optical sensors is shown in Fig. 32 [136] . The rotations of the plane on which the probe stylus is attached are detected by an autocollimator-based 2D angle sensor for measuring the X-and Y-displacement of the probe tip. A Michelson interferometer was used to measure the Z-displacement. The probe could achieve a uniform stiffness of 0.5 mN/mm in the X, Y-and Z-directions with measurement ranges of AE20 mm Â AE20 mm Â 20 mm (X Â Y Â Z). Fig. 33 shows a 2D optical fiber microprobe in which the X-and Y-displacements of the probe tip are obtained by detecting those of the stylus shaft made of optical fiber [155] . The focused laser beams from two laser diodes are transmitted through the stylus shaft along the X-and Y-directions, respectively. The laser beams passing through the shaft are then received by two bi-cell photodiodes (PDs). Because the fiber shaft functions as a lens in the XY plane, an X-or Y-displacement of the shaft will cause a corresponding displacement of the light spot on the Y or X-PDs, which can be detected by the PD. In the microprobe in Fig. 33 , the stylus is 2 mm in length and 3 mm in diameter, to which a 5 mmdiameter glass sphere is attached. A piezoelectric tube is employed to vibrate the sphere in a circular motion, describing a diameter of 0.4 mm in the X-Y plane, at a frequency of 1794 Hz to prevent the stylus tip from adhering to the surface being measured. The probe has been employed to measure a microhole of diameter 100 mm [155] .
Displacement measurements of the probe tip are simpler using a tuning fork quartz crystal resonator (TF-QCR)-based vibrating microprobe without additional displacement sensors [102] . As shown in Fig. 34 , the vibrating microprobe comprises a probe stylus, TF-QCR, and PZT actuator [28] . The probe stylus is attached to one beam of the TF-QCR. The actuation by the stylus and TF-QCR assembly with the PZT oscillates the probe tip along the Y-direction at the resonant frequency of the TF-QCR. A reduction in the resonant frequency occurs when the probe tip approaches the workpiece surface in each of the X-, Y-, and Z-directions, which can be detected based on the piezoelectric effect of the quartz crystal of the TC-QCR. In Fig. 34 , the displacement measurements along Z and X are made in the shear mode and that along Y is made in the tapping mode. The probe stylus was fabricated by gluing a glass microball onto the tip of a tapered shaft made by stretching a heated glass tube with an effective working length up to 2 mm. The diameter of the tip ball can be selected from several micrometers to hundred micrometers according to the specifications of the measurement targets. The microprobe has been employed in microslit width measurements of a slot die with an online qualification system [28] .
Optical systems
Optical profilers and optical microscopes based on various measurement principles, which were well summarized by Hocken et al. [94] , are still significant in the measurement of microstructures in nanomanufacturing. Various super-resolution techniques have been developed to improve the lateral resolution of optical microscopes beyond the diffraction limit to enable measurements of subwavelength structures. Through-focus scanning optical microscopy (TSOM) is one such example [10] . This technique is based on the fact that out-of-focus images also contain useful information regarding the target surface being measured. Instead of one "best focus" image, a set of through-focus images of the surface are captured by scanning the microscope along the optical axis, as shown in Fig. 35 . By using model-based data analysis, the surface profile can be reconstructed with a lateral resolution much smaller than half of the wavelength of illumination. A gold particle with a diameter of 60 nm has been successfully detected by this technique. Fig. 36 shows a super-resolution technique using infrared standing evanescent waves [195] . This technique is based on a scattered distribution retrieval algorithm using a structured illumination combined with a highly sensitive dark-field inspection method using an infrared evanescent illumination. It has been Fig. 32 . 3D microprobe with displacement and angle sensors [136] . Fig. 33 . 2D optical fiber microprobe [155] . Fig. 34 . Vibrating 3D microprobe [102] . Fig. 35 . Through-focus scanning optical microscopy method for measurement of subwavelength structures [10] . demonstrated that the technique could resolve discrete scattered elements separated by 60 nm.
Over the past years, significant advancements have also been made in optical scatterometry for the fast evaluation of subwavelength nano-and microstructures such as diffraction gratings in nanomanufacturing. Compared with conventional image-based techniques, optical scatterometry does not depend on images with well-defined edges and allows for the indirect determination of the parameters of the nano-and microstructures, such as depth, pitch, and linewidth.
In white light interference Fourier scatterometry, a broadband white light source and a Köhler bright-field illumination with a high numerical aperture (NA) objective are employed [167] . This allows the sample surface to be simultaneously illuminated by wide incident and azimuthal angle ranges. By analyzing the Fourier plane, the Fourier scatterometry method enables obtaining the angle-resolved diffraction spectrum without any mechanical scanning. It is combined with white light interferometry for improving depth sensitivity. The interfering pupil images from the object and reference branches are imaged with a Bertrand lens on a CCD camera. For reconstruction of the structure profile, the measured and simulated pupil images in each z-position of the scanned reference mirror are compared until the best match is found. This system has been employed to measure a silicon grating with a nominal critical dimension of 200 nm. Fig. 37 demonstrates coherent Fourier scatterometry (CFS), which can simultaneously illuminate and measure the sample over a broad range of incident and reflected (diffracted) angles by using a high-NA objective [123] . All radial and azimuthal angles can be measured within one second. Owing to coherent illumination, the measurement spot on the sample surface can be reduced to less than 1 mm, which is significantly reduced from the 50 mm spot in conventional optical scatterometry, resulting in an improvement in the lateral resolution. In addition to accurate reconstruction of the grating parameters, CFS also has a strong potential as a subnanometer wafer alignment tool as the scattered signal is highly sensitive to the grating position as well. A 1 nm accuracy in lateral positioning has been demonstrated corresponding to 0.08% of the pitch of the grating used in the experiment.
A new scatterometry technique called Mueller matrix scatterometry was developed for more sensitive nanostructure reconstruction based on the rich information contained in the collected 4 Â 4 Mueller matrices [143] . As shown in Fig. 38 , a dual rotatingcompensator layout is adopted to collect the full Mueller matrices over a broadband of 200-1000 nm. An inverse diffraction problem is then solved for finding an optimal structural profile whose simulated spectral Mueller matrices can best match the measured data.
Fast evaluation of nano-and microstructures over a large area is also an important task. Fig. 39 illustrates the fast evaluation of X and Y pitch deviations and the Z out-of-flatness of a diffraction grating over the field of view of the Fizeau interferometer greater than 100 mm in diameter [66] . The out-of-flatness of the grating is first evaluated from the wavefront of the zero-order diffracted beam from the grating. The grating is then tilted to align the axes of the first-order diffracted beams with those of the interferometer so that the X-and Y-directional pitch deviations of the grating can be Fig. 36 . Super-resolution method using infrared standing evanescent waves [195] . Fig. 37 . Coherent Fourier scatterometer [123] . evaluated from the wavefronts of the first-order diffracted beams. The measurement takes only several minutes.
Energy consumption in nanomaufacturing
Nanomanufacturing methods can be classified into top-down and bottom-up approaches [239] . Top-down approaches include subtractive processes such as lithography and etching, nanomachining, and nanoimprinting. Bottom-up approaches achieve nanoscale dimensions through assembly of material at the atomic scale by chemical reactions or physical processes, e.g., physical vapor deposition (PVD), chemical vapor deposition (CVD), and nanocontact printing (nCP). Compared to conventional manufacturing processes, nanomanufacturing has several unique characteristics [183] :
Strict purity requirements and low tolerance for contamination in starting materials: For example, silicon used in semiconductor devices must meet a "seven nines" standard of purity, i.e., 99.99999%. The energy requirement to convert metallurgicalgrade silicon to electronic-grade silicon ranges from 110 to 215 kWh per kg [172] . High environmental requirements: For example, ultrahigh vacuum and high preheating, operation and stand-by temperatures are required in most thin film deposition techniques. The base pressure requirement for molecular beam epitaxy (MBE) ranges between 10 À9 and 10 À11 torr and operation temperatures range from 300 to 1000 C. Low process yields or material efficiency: In many processes, only a small percentage of the starting materials are ultimately incorporated into the final products. The material or precursor utilization efficiencies range from 35% to 10% for MBE and 1% to 20% for metal organic CVD [103] .
Owing to the characteristics of nanomanufacturing presented above, the energy intensities in nanomanufacturing processes are even greater than those in conventional manufacturing processes. Gutowski et al. found that the specific energy requirements of nanomanufacturing are typically 3-5 orders of magnitude greater than those of conventional manufacturing processes ( Fig. 40) [83] .
The energy consumed in nanomanufacturing can be generally divided into direct and indirect energy. Direct energy requirements refer to the energy applied to the process, which includes energy consumed by pressure/temperature control; photon, ion, or plasma generation; precision metrology; and mechanics. Direct energy can be directly measured from the equipment. Indirect energy is the energy consumed by the manufacturing environment, e.g., the energy required by clean room recirculating fans for removing contaminants from the work environment air.
Zhang et al. performed a qualitative assessment of various nanomanufacturing processes (Fig. 41) [237] . It is inferred that the process requirements might depend on the material or process parameters. For example, imprint lithography can use either heat or UV curing, which affects the demands of the process for photon generation and direct and indirect temperature control. It can be further noticed that top-down and bottom-up approaches with similar mechanisms have similar process requirements and therefore similar energy demands.
Yuan and Zhang investigated the energy consumption of atomic layer deposition (ALD). They found that energy is mainly consumed by system heating, process pumping, and experimental control ( Fig. 42 ) [234] .
Krishnan et al. developed a bottom-up within-fab lifecycle inventory (LCI) for semiconductor fabrication energy consumption (Fig. 43 ). They found that about half of the energy is consumed by device fabrication itself (7100 MJ/wafer), followed by silicon wafer production (2900 MJ/wafer). It is noted that equipment infrastructure and chemical manufacturing represent a non-negligible fraction of the total energy consumption. In addition, specific energy increases with decreasing process rate (increasing precision) ( Fig. 44 ) [120] . Fig. 40 . Energy requirements of manufacturing processes at different scales [83] . 
Applications
The components manufactured by nanomanufacturing are widely employed in photonics, energy, bionics, microelectronics, bioengineering, and other fields. The components introduced in Section 1 correspond to the fields of energy, microelectronics, and optics.
Photolithographic objective lenses in the optical field require nanometric or even greater accuracy. Moreover, the finish of a space telescope must have a roughness less than 4.4 Å to detect ultraviolet spectra, as mentioned above. Relatively extreme ultraviolet (EUV) photolithography needs a higher accuracy of less than 1.1 Å because of the 13.5 nm working wavelength [78, 205] . For low-and mid-spatial frequencies, visible light interferometry is used. However, EUV mainly focuses on midand high-spatial frequencies errors, and mid-spatial roughness has been studied effectively with EUV scatterometry. In the EUV lithography (EUVL) system, reflective optical elements are used. To achieve a high reflectivity, multilayers (ML) are coated on the projection lens. For example, normal-incidence reflectivity of the Mo/Si ML system can reach 70% at $13.5 nm [12] . To improve the imaging quality, allowable figure and finish errors must be controlled. For a four mirror EUVL system, the figure error, midand high-spatial frequency roughness should be less than 0.25, 0.20 and 0.10 nm rms respectively. Based on Marechal's criterion, wavefront error must be less than 0.96 nm rms for a 13.4 nm operating wavelength [196] . A multi-step polishing process is the best approach to achieve an ultrasmooth and damage-free surface with the aid of EUV interferometry to achieve final performance degradation [157] .
Energy applications focus on two aspects: solar energy and LED uniform illumination. One antireflective nanostructure has been used to increase LED power, as shown in Fig. 45 . Nanostructures inspired by the structure of a firefly's lantern cuticle have a curved substrate with a thickness of 110 nm and a feature size of 150 nm. A single-step injection molding process can produce this bioinspired plastic lens, thereby decreasing the cost of efficient LEDs [111] .
For solar energy, components manufactured by nanomanufacturing aim to improve the efficiency of solar cells. The lighttrapping strategy is an effective approach to increase the efficiency of solar cells and decrease their cost by using one layer with nanostructures. One light-trapping structure with a geometrically patterned dielectric layer of thickness 100 nm has been designed on an organic solar cell to capture and maximize the amount of light transmitted into the cell, as shown in Fig. 46(a) [209] . Another nanostructure "sandwich" of metal and plastic has been characterized with a nanohole array of thickness 30 nm and 175 nm holes, as shown in Fig. 46(b) . The nanohole array was fabricated by nanoimprint lithography for depositing a Au layer. Experimental results confirmed a 175% increase in the efficiency of solar cells [32] .
The examples above show the approach to cover solar cells with a nanostructure, whereas some researchers have considered changing the material structure of solar cells by nanostructuring. A device has been designed to investigate the effect of nanostructured back reflectors on quantum efficiency in photovoltaic devices. The relationship between nanostructure size and photocurrent generation was systematically studied by fabricating nanostructures via a wafer-scale self-assembly technique. In the infrared region, the nanostructured back reflector showed a large increase in photocurrent with a modified feature scale [98] . Another flexible solar cell with a multi-layer structure allocates the micropyramid-structure at the inner layer. Flexible Si substrates with micropyramid structured surfaces were manufactured on one side by an anisotropic etching process, and gold grid electrodes were deposited on the organic layer by magnetron sputtering. Compared with planar flexible hybrid solar cells with a power conversion efficiency of 4%, solar cells with micropyramidstructured Si light absorbers showed a higher efficiency of 6.3% [137] . Fig. 44 . Specific processing energy vs. process rate in semiconductor fabrication [120] . Fig. 45 . Concept of surface defects measurement method using infrared standing evanescent waves [111] . Nature endows an organism with specific abilities through nanostructures. Scientists or engineers can develop technological, biomedical, or industrial processes or products by drawing inspiration from nature. For example, the leaf of a lotus plant exhibits superhydrophobicity, which can be simulated by an artificial laser-structured silanized silicon surface. The toes of gecko lizards adhere to various surfaces, enabling geckos to climb smooth and vertical surfaces because of the nano-or micropillar patterns. NIL has been commercially exploited to structure surfaces for applications such as optical, labeling, and anticounterfeiting. An example of the application of NIL for structuring free form mold surfaces for subsequent injection molding is found in Ref. [159] .
Bio-inspired design features, often identified and characterized by academic research, have been realized through the commercial application of nanomanufacturing technologies. Superhydrophobic and self-cleaning structures are important examples inspired by nature, which are of interest for various applications including self-cleaning windows, windshields, exterior paints for buildings, ship navigation, utensils, roof tiles, textiles, solar panels, and applications requiring antifouling and a reduction in drag in fluid flow, e.g., in micro-nanochannels [16] . Various manufacturing methods are used to manufacture various self-cleaning structures. A low-cost molding process was proposed to replicate microstructures with self-assembly of wax platelets and tubules to create different nanostructures, whose mold cores were fabricated by photolithography for the cylindrical array [44] . One complex superhydrophobic structure including three different size scales, namely honeycomb-like microstructures, dendritic substructures, and nanoparticles ( Fig. 47) , was fabricated by deposition and electrolytic machining [211] . A colloidal self-assembly process was proposed to provide an effective damp-proof protection of inorganic radome materials by adding a superhydrophobic coating, which has potential engineering applications in inorganic porous materials requiring damp-proof protection and high durability [130] .
Animal visual systems are highly adaptable and precisely functional as they comprise compound eyes (ommatidia). A large field of view (FOV) cannot be achieved owing to the planar sensor in the simulation of compound eyes because of the large distortion at the edge. Fig. 48(a) shows a compound eye lens consisting of bending microlens and photodiodes, which is formed as a hemisphere capturing a 160 field of view with no distortion at the edges [190] .
Another curved artificial compound eye (CurvACE) was designed and manufactured consisting of three materially and functionally different layers imitating the structure of natural ommatidia. It included a microlens array, neuromorphic photodetector array, and flexible printed circuit board. CurvACE achieves an FOV of 180 Â 60 , as shown in Fig. 48(b) . Three planar layers are separately produced with thickness less than 1 mm and then assembled and bended. A microlens array is machined by ultraprecision cutting or dicing and the photodetector array is machined by wafer-lever lithography, which produces CurvACE in a batch [64] .
Compound eyes can also be used as antireflection coating when there are subwavelength antireflective structural elements that have evolved to enhance the function of its visual system. For the fabrication of silicon nanostructure arrays, several effective strategies have been adopted, including vapor-phase growth or deposition, plasma etching or dry etching, and wet etching. These forms of surface geometric patterning have been applied to antireflective glass by sol-gel methods [208] . Other examples of bio-inspired nanostructures have been surveyed in a CIRP keynote paper [147] .
Nanomanufacturing has significantly contributed to progress in both medical diagnostics and biotechnologies in recent years, especially in the fields of lab-on-a-chip (LOC), nanomedicine, and biomedical devices. LOC aims to manufacture entire laboratoryscale analysis workflows onto a single compact chip, which is always fabricated by lithography as micro-and nano-electromechanical systems (MEMS, NEMS) [42] . An example of LOC application and related process control is reported in Ref. [20] . Here, polymer LOCs in a cyclic olefin copolymer with channels of width 500 nm and depth 60 nm were produced using a process chain consisting of e-beam lithography, nickel electroplating, and subsequent injection molding. Microfluidics is significant in achieving this goal of LOC [45] . Nanostructures in medical devices can always be manufactured as sensors for observing or diagnosing human parameters. Fig. 49 shows the fabrication process of one wearable and highly sensitive pressure sensor with ultrathin gold nanowires [79] .
Well-defined polymeric micro-or nanostructure materials have attracted considerable attention because of their versatile applications in the fields of biotechnology, organic electronics, and medicine. Conjugated polymeric micro-nanostructures have important potential applications in organic field-effect transistors, photovoltaic cells, optical data storage, and chemical sensors [11] . Micro-nanostructures have also been employed in many other fields and more composite structures enhance the application performance. For example, surface-enhanced Raman scattering (SERS) is a surface-sensitive technique that enhances Raman scattering by molecules adsorbed on nanostructures or rough metal surfaces. The enhancement factor can be as much Fig. 47 . Nanostructured back reflectors on quantum efficiency in photovoltaic devices [211] . [64, 190] . as 10 10 -10 11 , which means the technique may detect single molecules [17, 224] . For SERS substrates, some precise structuring methods such as ion beam or electron beam lithography have been widely used for the fabrication of periodic metallic nanostructures, which can result in extremely strong electromagnetic field enhancements. One SERS substrate with a nanopillar-on-pyramid structure has been proposed to improve its enhancement ability, as shown in Fig. 50 . The pyramidal structures with a side length of 3-4 mm were formed after the wet etching process. The nanopillars of diameter about 150 nm and height 400 nm were fabricated by island lithography. The nanopillar-on-pyramid structure provides a large surface area and multiple reflections for SERS enhancement, which was about three orders of magnitude greater than that of the planar substrate [22] . Similar hierarchical structures have been employed in silicon solar cells to reduce optical reflectivity. The micro-nano structure contained pyramids with side lengths of about 4-8 mm and nanopillar arrays with average diameters of 100-500 nm and heights of 500 nm to 1.5 mm. A pyramid and a nanopillar micronano surface texture of silicon nanopillars were fabricated by dry etching with a mask of cesium chloride (CsCl) islands originally from self-assembly lithography and ICP etching method [141] . The mechanical machining methods were also used to manufacture the hierarchical structures, as mentioned in Section 3.1. A rotary ultrasonic texturing (RUT) technique was developed to manufacture hybrid periodic micro-nanotextures on flat surfaces [223] . For example, the micro-nano-scale sinusoidal grooves with 50 nm depth and 2.5 mm wavelength were manufactured on linear grooves by this process for self-cleaning, antimicrobial, and rapid osseointegration, as shown in Fig. 51 . Multi-step anodization was also used to manufacture the micro-nano hierarchical structures, which can be employed in surface engineering for wettability and friction adjustments [44] .
Conclusions and perspective
This study mainly surveyed the fundamentals of nanomanufacturing, nanomachining/fabrication technologies, and nanometrology technologies. Numerous industrial and academic applications have been implemented that have benefited the rapid development of nanomanufacturing. Optical applications mainly concentrate on the nanometric accuracy for large mirrors owing to the ultraviolet wavelength. Applications in other fields mainly rely on the special features of the nanostructure.
From the perspective of nanomanufacturing, future research and development should be conducted at an even smaller scale, that is, atomic and close-to-atomic manufacturing (ACSM). With significant demand from the society and industry, it is suggested that highly efficient manufacturing with reduced follow-up processes should be the first priority to avoid the side effects of the manufacturing process, alignment, and encapsulation. Future studies should focus on the following aspects:
Nanocutting has significant potential for further advancements [51, [56] [57] [58] . As it is still in the early stages, researchers must put more efforts into systematically developing nanocutting theory. ACSM is an important trend in developing manufacturing technology [52, 53] . As it will play a vital role in the next phase of societal advancements, it is worthwhile to develop national and international programs to work on the relevant fields so that a blueprint will emerge. More efficient and cost-effective nanomanufacturing methods should be developed, especially aimed at mass production. The processes presented in this paper should be further developed for new material applications with different material characteristics or process environments, such as harder materials and conventional environments. Multi-scale or multi-layer structures, such as nanostructures on microstructures, have been applied in increasing number of areas, which will be a trend owing to their excellent performance. The optimal design of multi-functional processes should be studied systematically. Topographic metrology is critically important. More functional or high-performance measurement should be focused on to comprehensively evaluate the manufacturing quality not only for the application requirements but also for fundamental research. The potential demands of molecular circuits, quantum computers, and healthcare is also worthy of consideration. 
